We developed a new modeling framework to assess how the local abundance of one species influences the local abundance of a potential competitor while explicitly accounting for differential responses to environmental conditions. Our models also incorporate imperfect detection as well as abundance estimation error for both species. As a case study, we applied the model to four pairs of mammal species in Borneo, surveyed by extensive and spatially widespread camera trapping. We detected different responses to elevation gradients within civet, macaque, and muntjac deer species pairs. Muntjac and porcupine species varied in their response to terrain ruggedness, and the two muntjac responded different to river proximity. Bornean endemic species of civet and muntjac were more sensitive than their widespread counterparts to habitat disturbance (selective logging). Local abundance within several species pairs was positively correlated, but this is likely due to the species having similar responses to (unmodeled) environmental conditions or resources rather than representing facilitation. After accounting for environment and correcting for false absences in detection, negative correlations in local abundance appear rare in tropical mammals. Direct competition may be weak in these species, possibly because the 'ghost of competition past' or habitat filtering have already driven separation of the species in niche space. The analytical framework presented here could increase basic understanding of how ecological interactions shape patterns of abundance across the landscape for a range of taxa, and also provide a powerful tool for forecasting the impacts of global change.
ABSTRACT
We developed a new modeling framework to assess how the local abundance of one species influences the local abundance of a potential competitor while explicitly accounting for differential responses to environmental conditions. Our models also incorporate imperfect detection as well as abundance estimation error for both species. As a case study, we applied the model to four pairs of mammal species in Borneo, surveyed by extensive and spatially widespread camera trapping. We detected different responses to elevation gradients within civet, macaque, and muntjac deer species pairs. Muntjac and porcupine species varied in their response to terrain ruggedness, and the two muntjac responded different to river proximity. Bornean endemic species of civet and muntjac were more sensitive than their widespread counterparts to habitat disturbance (selective logging). Local abundance within several species pairs was positively correlated, but this is likely due to the species having similar responses to (unmodeled) environmental conditions or resources rather than representing facilitation. After accounting for environment and correcting for false absences in detection, negative correlations in local abundance appear rare in tropical mammals. Direct competition may be weak in these species, possibly because the 'ghost of competition past' or habitat filtering have already driven separation of the species in niche space. The analytical framework presented here could increase basic understanding of how ecological interactions shape patterns of abundance across the landscape for a range of taxa, and also provide a powerful tool for forecasting the impacts of global change. The influence of climate and other environmental conditions on species distributions at large spatial scales is clear (Lomolino et al. 2006) . But how conditions at smaller scales, and species interactions at any scale, influence distributions is poorly understood and still debated (Araujo & Rozenfeld 2014 , Cazelles et al. 2016 . A critical question is whether, once environmental factors are accounted for, species interactions still influence distribution or abundance (Bullock et al. 2000 , van Beest et al. 2014 .
The reason that ecologists' understanding of how environment and interactions shape local-scale distributions remains poor is that, despite a vast literature on species co-occurrence, detecting such patterns can be difficult (Mod et al. 2016 , MoruetaHolme et al. 2016 . The gold standard is to experimentally remove one species and test for changes in the abundance of others (e.g., Munger & Brown 1981 , Segre et al. 2014 . This is exceedingly difficult (and potentially unethical) for many animals, particularly species living at low densities in complex habitats. Co-occurrence has also been assessed through observational occurrence data, embodied in the search for 'checkerboard' distribution patterns and the debate over whether such patterns are driven by species interactions (Diamond 1975 , Connor & Simberloff 1979 . Such datasets often consist of species presence 9 site matrices (Meyer & Kalko 2008 , Gotelli & Ulrich 2010 , Ulrich & Gotelli 2013 , and their analysis catalyzed the growth of statistical null models (Gotelli 2000, Ulrich & Gotelli
